The synthetic hexapeptide GH-releasing peptide (GHRP; His-DTrp-Ala-Trp-D-Phe-Lys-NH2) specifically stimulates GH secretion in humans in vivo and in animals in vitro and in vivo via a still unknown receptor and mechanism. To determine the effect of GHRP on human somatotroph cells in vitro, we stimulated cell cultures derived from 12 different human somatotroph adenomas with GHRP alone and in combination with GH-releasing hormone (GHRH), TRH, and the somatostatin analog octreotide. GH secretion of all 12 adenoma cultures could be stimulated with GHRP, whereas GHRH was active only in 6 adenoma cultures. In GHRH-responsive cell cultures, simultaneous application of GHRH and GHRP had an additive effect on GH secretion. TRH stimulated GH release in 4 of 7 adenoma cultures: in TRHresponsive cell cultures there was also an additive effect of GHRP and TRH on GH secretion. In 5 of 9 adenoma cultures investigated, octreotide inhibited basal GH secretion. In these cell cultures, GHRPinduced GH release was suppressed by octreotide. In 5 of 5 cases, the nrotein kinase-C inhibitor uhloretin nartlv inhibited GHRP-stimulated bH release, but not basal GH secretion. In summary, GH secretion was stimulated by GHRP in all somatotroph adenomas investigated, indicating that its unknown receptor and signaling pathway are expressed more consistently in somatotroph adenoma cells than those for GHRH, TRH, and somatostatin. Our data give further evidence that GHRP-stimulated GH secretion is mediated by a receptor different from that for GHRH or TRH, respectively, and that protein kinase-C is involved in the signal transduction pathway. Because human somatotroph adenoma cell cultures respond differently to various neuropeptides (GHRH, TRH, somatostatin, and others), they provide a model for further investigation of the mechanism of action of GHRP-induced GH secretion. (J Clin Endocrinol Metub 78: 1090-1096, 1994 G H-RELEASING peptide (GHRP), a synthetic hexapeptide (His-n-Trp-Ala-Trp-o-Phe-Lys-NH*) derived from enkephalins (1, 2), specifically stimulates GH secretion of somatotroph pituitary cells in animals both in uivo and in vitro (3, 4) as well as in normal humans (5-7), short-statured children (8), and patients with acromegaly (9) in viva. Because in humans GHRP is approximately as active as GH-releasing hormone (GHRH) and, moreover, can be administered orally, it may provide an alternate form of treatment of certain forms of GH deficiency (5-7, 10).
GHRP seems to be mediated via protein kinase-C (PKC) (16). In this case, the action of GHRP is similar to that of phorbol 12-myristate 13-acetate. Previous studies investigating the interaction of GHRP with GHRH and somatostatin (SRIF) have demonstrated that SRIF suppresses GHRP-stimulated GH release (3, 11, 15) , and GHRP and GHRH stimulate GH secretion in a synergistic fashion (5, 15, 16) . GHRP-binding sites were detected not only in pituitary, but also in hypothalamic membrane fractions (17). Therefore, besides its action at the pituitary level, the possibility of a hypothalamic site of action of GHRP is still under discussion.
Somatotroph pituitary adenomas represent approximately 20% of the pituitary adenomas and cause acromegaly or gigantism due to GH hypersecretion under basal conditions (18). In normal somatotrophs, GH secretion is under control of the stimulatory action of hypothalamic GHRH and the inhibitory effect of its counterpart, SRIF (19) . The disturbances in GH secretion of somatotroph adenoma cells, in addition to the quantitative abnormality of basal secretion, may involve qualitative abnormalities in the regulation of GH secretion, such as lack of stimulation by GHRH, paradoxical increase in GH after stimulation with TRH (18), and missing inhibition after administration of SRIF or SRIF analogs such as octreotide in a part of the adenomas (20, 21) .
The lack of GH stimulation by GHRH can be observed in about 30-40% of the somatotroph adenomas and was found to be due to the expression of the gsp oncogene (22). This oncogene is derived from a single mutation in the a-chain of the regulatory guanosine stimulatory G-protein (G,) and leads to a constitutive activation of the adenylate cyclase system (23). As a result, CAMP production and associated GH secretion cannot be further stimulated by GHRH; therefore, GH secretion of this tumor type fails to respond to GHRH stimulation (24, 25) .
The aim of the present study was to determine whether somatotroph adenomas in vitro respond differently to GHRP with respect to GH secretion, as has been found for GHRH, TRH, and somatostatin. In addition, with somatotropic cell cultures, the effect of GHRP on GH release was studied comparatively with GHRH, TRH, and octreotide.
Materials
and Methods 
Patients

Determination
of human (h) GH, PRL, and insulin-like growth factor-I hGH levels in cell culture supernatants were determined using a sensitive fluorescence immunometric assay, as described previously 
Results
Basal and stimulated GH secretion
In vitro basal GH secretion varied from 107 (ST 2) to 438 (ST 12) ng GH/2 X lo5 cells. 4 h ( Table 2 ). There was no correlation between basal GH secretion in vitro and plasma GH levels in uivo (compare with Table 1 ). As far as comparable, the responsiveness to GHRH and TRH was identical in viva and in vitro, with the exception of ST 11, in which GHRH stimulated GH release in viva but not in vitro (compare Tables 1 and 2) . GHRP (0.1-1000 nmol/L) stimulated GH release in a dosedependent manner in all 12 somatotroph adenoma cell cultures (a typical dose-response curve is shown in Fig. 1 ; see also Table 2 and Fig. 2) . In all cases the stimulatory effects became significant at 1 nmol/L (range, 120 + 2% to 148 f 9% US. basal secretion) and reached a plateau at 10 nmol/L (range, 126 f 4% to 184 + 12%); no further significant stimulation of GH secretion could be observed with either 100 or 1000 nmol/L GHRP (range, 123 f 4% to 202 + 8%).
GHRH (0.1-1000 nmol/L) stimulated GH secretion in six adenoma cell cultures dose dependently, but had no significant stimulatory effect in the six other cultures (for typical dose-response curve of a GHRH-responsive culture, see Fig.  1 ; see also Table 2 and Fig. 2 ). For GHRH-responsive cultures, stimulatory effects became significant at 1 nmol/L (127 f 1% and 134 + 4%) in two cases (ST 1 and ST lo), and at 10 The effect of TRH (0.1-1000 nmol/L) on GH secretion was tested in seven somatotroph adenoma cell cultures. In three of them, TRH had no significant effect, but stimulated GH release dose dependently in the other four cultures ( Fig.  1 ; see also Table 2 and Fig. 3 ). In the TRH responders the stimulatory effect became significant at 10 nmol/L (range, 129 f 5% to 159 + 9% us. basal secretion) and reached maximum values at 100 nmol/L (range, 138 + 7% to 174 + 4%), with the exception of one case (ST 8) in which a further significant stimulatory effect of TRH was observed with 1000 nmol/L (161 f 8% VS. 138 rf: 7% at 100 nmol/L).
Although the use of lo-fold increments was critical, we calculated the approximate EDs0 values for GHRP, GHRH, and TRH for the individual somatotroph adenomas to obtain information about the relative GH-stimulating potency of these substances. The EDso for GHRP ranged from 1.1-3.4 nmol/L, the ED50 for GHRH (in GHRH responders) from TRH "responder" TRH "nonresponder" 2.9-9.1 nmol/L, and the EDso for TRH (in TRH responders) from 6.4-12.5 nmol/L. The influence of octreotide (0.1-1000 nmol/L) on basal GH release was studied with nine somatotroph adenoma cell cultures ( Fig. 1 ; see also Table 2 and Fig. 4) . Four adenoma cultures (ST 3, 5, 8, and 10) were considered to be not or only slightly responsive to octreotide, because l-100 nmol/ L octreotide had no significant inhibitory effect on GH secretion. In only two cases (ST 3 and ST 8) was a slight, but significant, inhibition (P < 0,05) of basal GH release observed after application of 1000 nmol/L octreotide (79 + 4% and 83 f 1% of basal secretion). In contrast, five adenomas responded very well to octreotide. In one of these (ST 6), basal GH secretion was significantly inhibited by 1 nmol/L octreotide (80 k 2%); GH was stimulated in all cases by 10 nmol/ L (range, 69 f 6% to 81 f 3%). Basal GH release was further decreased by 100 nmol/L octreotide (range, 51 f 9% to 70 + 4%), but 1000 nmol/L had no further significant inhibitory effect (range, 48 + 4% to 65 f 8%).
Interaction of GHRH and GHRP on GH secretion
In all somatotroph adenoma cultures the effects of GHRP and GHRH were investigated simultaneously (Fig. 2 summarizes the results for the stimulation with 100 nmol/L of each compound). In the six adenomas in which GH secretion could not be stimulated with GHRH, simultaneous application of GHRP and GHRH had the same stimulatory effect as GHRP alone. In the GHRH-responsive cell cultures, simultaneous stimulation with 100 nmol/L GHRP and GHRH had an additive effect on GH release (GHRP plus GHRH, 186 + 3% to 225 + 7%; GHRP alone, 146 f 2% to 181 + 10% US. basal secretion). This additive effect was also observed when combinations of the substances were used at lower concentrations (1 and 10 nmol/L; data not shown).
Interaction of TRH and GHRP on GH secretion
In 7 of 12 adenoma cell cultures we studied the effects of GHRP and TRH on the GH release (Fig. 3 summarizes the   FIG. 4 . Effect of 100 nmol/L octreotide (SMS 201-995) on basal and GHRP (100 nmol/L)-stimulated GH secretion of nine individual somatotroph adenoma cell cultures (ST 3 and ST 5 to ST 12). Basal GH secretion was set at lOO%, and results are expressed as a percentage of the control value. t, P < 0.05; **, P < 0.01 (us. control). In cell cultures in which basal GH secretion could be significantly suppressed by octreotide, GHRP-stimulated GH secretion was also inhibited significantly (a, P < 0.01; b, P < 0.001). effects for 100 pmol/L of each substance). In the 3 TRH nonresponders, simultaneous application of GHRP and TRH resulted in the same stimulatory effect as application of GHRP alone. In TRH-responding somatotroph adenoma cultures, simultaneous application of 100 nmol/L GHRP and TRH had an additive effect on GH secretion (GHRP plus TRH, 181 f 2% to 239 + 9%; GHRP alone, 154 + 9% to 184 + 12% US. basal secretion). The additive effect could also be seen, but was less pronounced, when 10 nmol/L TRH or GHRP were used (data not shown).
Effect of octreotide on GHRP-stimulated GH secretion
In 9 of 12 somatotroph adenoma cell cultures, the effect of the long-acting somatostatin analog octreotide (10 and 100 nmol/L) on GHRP-stimulated GH release was investigated. In Fig. 4 , the effects of 100 nmol/L octreotide on basal and GHRP-stimulated GH secretion are summarized (the effects of 10 nmol/L octreotide were similar, but less pronounced). In the 4 adenoma cell cultures that failed to respond or showed only a moderate response to octreotide, GHRP-induced GH secretion could not be significantly suppressed. In the adenoma cultures that responded to octreotide, however, significant decreases in GHRP-stimulated GH secretion could be observed after application of 100 nmol/L octreotide (GHRP alone, 136 + 3% to 184 + 12%; GHRP plus octreotide, 75 + 8% to 106 + 4% vs. basal secretion).
Influence of phloretin on GHRP-stimulated GH release
In 5 of 12 cases (ST 8 to ST 12), the effects of phloretin (10 and 100 pmol/L), an inhibitor of PKC, on basal and GHRP-stimulated GH release were investigated (Table 3) . Phloretin had no cytotoxic effect on the cells, as demonstrated by viability staining using ethidium bromide and a&dine orange. In all cases, even the high concentration of phloretin had no significant inhibitory effect on basal GH secretion (range, 91 + 8% to 98 f 6% vs. basal secretion). GHRP-stimulated GH secretion was significantly inhibited The effect of the PK-C inhibitor phloretin was investigated on both basal and GHRP (100 nmol/L)-stimulated GH secretion of five individual somatotroph adenoma cell cultures. Each value represents the mean & SD of quadruplicate determinations and is expressed as a percentage of the control value (basal secretion). Significance was determined US. GH stimulation with 100 nmol/L GHRP. "P < 0.01. * P < 0.05. c P < 0.001.
by 10 pmol/L phloretin in 2 of 5 cases and in all cases by lb0 pmol/L phloretin.
With the latter concentration, the maximum stimulatory effect of GHRP was reduced by 50-60%.
Discussion
The abnormal regulation of GH secretion in somatotroph adenoma cells involves basal GH hypersecretion and, in some of the adenomas, missing response to GHRH, paradoxical response to TRH, and missing inhibition response to somatostatin or its analogs (18-21). Here we report that in vitro, GHRP stimulated GH secretion in all 12 somatotroph adenoma cell cultures investigated, whereas GHRH stimulated GH release in only 6 of 12 cases and TRH increased GH secretion in 4 of 7 cases. Our data confirm the results of a recent in vim study in which it was shown that GHRP stimulated GH secretion in all 11 patients with acromegaly investigated (9). Our observation that GHRP was active in GHRH and TRH nonresponders confirms previous studies that GHRP acts through a receptor and a mechanism on GH secretion distinct from those of GHRH and TRH. This was further supported by our observation that the combined stimulation with GHRP and either GHRH or TRH had an additive effect on GH secretion, even in concentrations at which each of the substances alone had its maximal effect (5-7, 11).
Comparing the EDso values of GHRP and GHRH for GHRH-responsive somatotroph adenoma cultures, GHRP is even more potent than GHRH in stimulating GH secretion.
This is in agreement with in vim findings, where it has been demonstrated that in most patients with acromegaly GHRP was more effective than GHRH in stimulating GH release (9). Previous studies have also shown that, in general, GHRP is nearly as potent as GHRH in stimulating GH secretion in humans, whereas GHRP is about lOO-fold less active than GHRH in rats (3-5). There is still no explanation for this phenomenon; human somatotroph adenoma cell cultures could provide a model for further studies on this topic.
In GHRH nonresponders, the missing effect of GHRH on GH secretion has been correlated with the expression of the gsp oncogene (22, 23) . The expression of this oncogene leads to a constitutive activation of the adenylate cyclase system, and because GHRH mediates GH secretion via this second messenger system, the GH secretion is not or is only poorly stimulated by GHRH (24, 25) . However, because the correlation between gsp expression and GHRH nonresponsiveness is not lOO%, and exceptions were found (24, 25), we cannot be sure that all of our GHRH nonresponders are gsp positive. On the other hand, because about 40% of the somatotroph adenomas express the gsp oncogene, by extrapolation, it would seem that GHRP is able to stimulate GH secretion in both gsp-negative and gsp-positive adenoma cells. The mechanism of the paradoxical response of GH secretion to TRH stimulation observed in some somatotroph adenomas is not yet completely understood, but there is evidence that the TRH receptor is expressed in TRH responders, and the phosphoinositol pathway and PKC may be involved (29, 30). It is known from studies in rats that GHRP-stimulated GH secretion is also in part mediated via PKC (16). We could confirm this by the observation that in five somatotroph adenoma cultures investigated, the PKC inhibitor phloretin inhibited GHRP-stimulated GH secretion. On the other hand, we could show that GHRP and TRH in TRHresponsive adenoma cultures exerted an additive effect on GH secretion even at maximal stimulatory concentrations of each alone. Therefore, although the stimulation of GH by GHRP and TRH may share a common intermediate substance, namely PKC, the availability of PKC does not seem to be the rate-limiting step in the combined action of TRH and GHRP on GH secretion.
GH hypersecretion in acromegaly can often be reduced by medical treatment with somatostatin analogs, like the longacting analog octreotide.
On the other hand, in some cases GH secretion is not influenced by octreotide (18, 19, 21) . The different responses of the somatotroph adenomas to somatostatin analogs have recently been recognized to be associated with the different expression of various somatostatin receptor subtypes that differ in their affinity to somatostatin or somatostatin analogs (21). Thus, tumors that do not respond to octreotide do not express the appropriate receptor. In our study, basal GH secretion of five of nine somatotroph adenoma cell cultures could be inhibited by octreotide. In these responders, GHRP-stimulated GH secretion was also suppressed significantly by octreotide. In contrast, octreotide had no inhibitory effect on GHRP-induced GH release in
